Purpose {#S0001}
=======

Over the past decade, there has been growing evidence to suggest that volumetric imaging should replace 2-dimentional (2D) imaging for brachytherapy treatment planning \[[@CIT0001]\]. Unlike radiographs, volumetric images support visualization of tumors and adjacent normal soft tissues. Computed tomography (CT) is still one of the most commonly used imaging modalities for 3-dimensional (3D) based image-guided brachytherapy. However, with the increased accessibility of magnetic resonance imaging (MRI) and its superior soft tissue contrast, there has been an increase in its usage for brachytherapy treatment planning and treatment response evaluation. There are several reports on clinical outcomes of patients who received their brachytherapy boost under MRI-guidance \[[@CIT0002], [@CIT0003], [@CIT0004], [@CIT0005], [@CIT0006]\]. It is important to commission the process of a MRI-guided brachytherapy program before starting its clinical implementation in order to seamlessly integrate MRI into the brachytherapy workflow and reduce the probability and impact of errors. Commissioning of this program requires selection and optimization of proper pulse sequences for the delineation of applicators, namely the source channels and surrounding tissues. While there are several recommendations and guidelines \[[@CIT0007], [@CIT0008], [@CIT0009], [@CIT0010], [@CIT0011], [@CIT0012], [@CIT0013], [@CIT0014], [@CIT0015], [@CIT0016], [@CIT0017], [@CIT0018], [@CIT0019], [@CIT0020]\] that are helpful for initiating image-guided, particularly MRI-guided, brachytherapy of cervical cancer, there are additional suggestions that can facilitate the successful implementation of such programs.

Brachytherapy of cervical cancer {#S0002}
================================

Cervical cancer is the fourth most common cancer in women worldwide \[[@CIT0021]\] and radiation therapy is an important component of the treatment to control this disease. Radiation therapy for cervical cancer should not be performed solely by external beam radiation therapy (EBRT), the addition of a brachytherapy boost is required to achieve optimal overall survival \[[@CIT0022], [@CIT0023]\]. Techniques for brachytherapy planning and delivery changed little up until two decades ago. The nominal workflow consisted of applicator placement, followed by 2D planning based on recommendations and guidelines made by the International Commission on Radiation Units and Measurements (ICRU) 38 \[[@CIT0024]\] and the American Brachytherapy Society (ABS) \[[@CIT0025]\] for cervical cancer. The prescription was based on the classical or modified Manchester system where dose was prescribed to Point A in an attempt to cover the target and minimize dose to the conventional organ at risk (OAR) points (e.g., rectum and bladder) representing the neighboring normal structures. Point A was originally defined as 2 cm lateral to the mid-point of the cervical collar and 2 cm above the top of the ovoids or ring, and the revised definition was 2 cm above the external cervical os and 2 cm lateral to midline. However, with the increased accessibility to volumetric imaging, in particular MRI, there has been an increase in its usage for brachytherapy treatment planning and treatment response evaluation. MRI-guided adaptive brachytherapy allows for residual tumor volume assessment and customization of the dose distribution around the clinical target volume (CTV) for each patient. Since its introduction to clinical practice \[[@CIT0026], [@CIT0027], [@CIT0028]\], significant improvements have been reported in clinical outcomes, specifically reductions in normal tissue toxicity, local control, and overall survival \[[@CIT0003], [@CIT0004], [@CIT0028]\].

Magnetic resonance imaging in cervical cancer {#S0003}
=============================================

Most MRI scanners come with conventional reconstruction software and basic image processing tools, which might be sufficient for the adjustment of T1-weighted (T1w) and T2-weighted (T2w) images. The Groupe Européen de Curiethérapie -- European Society for Radiotherapy & Oncology (GEC-ESTRO) recommends the use of MR imaging both at the time of diagnosis and brachytherapy with T2w pulse sequences \[[@CIT0017]\]. An example flowchart for patients undergoing MRI-guided brachytherapy is shown in [Figure 1](#F0001){ref-type="fig"}. To assess the tumor extension, paratransverse, paracoronal, and parasagittal images along the axis of the cervical canal or applicator have been suggested \[[@CIT0017]\]; however, due to the comparatively longer acquisition time of T2w pulse sequences, it is more susceptible to internal organ motion artifacts than pulse sequences with shorter acquisition times. Antiperistalsis/ antispasmodic agents such as glucagon (scopolamine butylbromide) and buscopan are commonly used for pelvic MRI imaging to reduce image artifacts, especially for longer scan sequences \[[@CIT0029], [@CIT0030]\]. On the other hand, parallel MRI has been established in diagnostic imaging to accelerate image acquisition, which will, therefore, reduce the chance of potential motion artifacts; however, this technique may introduce image artifacts if acquisition parameters are not properly optimized. As suggested by the recent American Association of Physicists in Medicine (AAPM) Task Group 118 \[[@CIT0031]\], understanding the advantages, challenges, and limitations of parallel MRI is necessary to maximize the benefits from this technology by reducing the scan time, while preserving an acceptable image quality.

![Example of patient care-path flowchart adapted from the Cancer Care Ontario guideline \[60\] for MRI-guided brachytherapy](JCB-7-26074-g001){#F0001}

Alternatively, 3D imaging sequences with isotropic voxel sizes such as 3D T2w fast spin echo (FSE) sequences with variable flip angle \[[@CIT0032]\] can be used for pelvis imaging. However, these sequences are implicitly longer than their 2D counterpart and MRI acceleration techniques will be required. Moreover, the signal contrast produced from 3D FSE sequences is not identical to conventional 2D sequences and parameters must be tuned prior to their use in the clinic, to obtain a "contrast-equivalent" image \[[@CIT0033]\]. Additionally, their geometric accuracy needs to be verified against the standard 2D approach and additional software may be required to re-slice images into a format that can be interpreted by the treatment planning systems \[[@CIT0018], [@CIT0034], [@CIT0035]\].

The spatial accuracy of MRI images needs to be evaluated since geometric distortions will translate to uncertainties in source location as well as target and OAR delineations, which may lead to significant dose uncertainty \[[@CIT0036]\]. In cervical cancer, the treatment site and applicator should reside close to the center of the magnet where the B0 field has the highest homogeneity and patient**-**induced susceptibility artifacts are limited for spin echo pulse sequences \[[@CIT0037]\].

Brachytherapy applicators artifacts and visualization {#S0004}
=====================================================

It is imperative to select MR-compatible applicators before starting the simulation process. Current MR-compatible applicators that are commercially available include metallic applicators (i.e., titanium) and non-metallic applicators (i.e., plastic). The use of intracavitary titanium applicators for gynecologic brachytherapy is feasible at field strengths of 3T (shown in [Figure 2](#F0002){ref-type="fig"}) and lower \[[@CIT0038]\], and some MRI pulse sequences such as T1w \[[@CIT0034]\], proton-weighted MRI \[[@CIT0039]\] and 3D pulse sequences \[[@CIT0040]\] may improve applicator visualization. Although, source channel digitization has been aided with the use of X-ray markers for CT**-**based imaging, reliably and reproducibly fabricating MR compatible markers has been challenging \[[@CIT0041], [@CIT0042]\]. Additionally, the presence of applicators introduces artifacts in MRI images, and while these artifacts are very minimal with plastic applicators, they are pronounced when titanium applicators are in place. There have been several proposed methods for applicator reconstruction using MRI including the use of an MR**-**compatible marker \[[@CIT0034], [@CIT0043]\], applicator models, and/or plan libraries \[[@CIT0010], [@CIT0044]\]. Each of these methods have known limitations, such as the limited availability of commercial MR-compatible markers, difficulties fabricating leak-tight MR markers, and availability of models for commercial applicators \[[@CIT0041]\].

![Comparison of CT, T1w and T2w images of a patient with a titanium ring and tandem in place. Transverse view of CT (top row), T1w (middle row) and T2w (bottom row) of a patient\'s pelvis with para-axial view showed in left panel and para-coronal and para-sagittal views showed in middle and right panels, respectively. The volumes are as follows: high-risk CTV (cyan), bladder (yellow), rectum (magenta). A -- anterior, P -- posterior, H -- head, F -- feet](JCB-7-26074-g002){#F0002}

Reports on applicator reconstruction using MRI images with in**-**house fabricated MR-visible markers have been published \[[@CIT0041], [@CIT0042]\]. However, the authors reported difficulties maintaining a water tight seal of these markers. As such, it is not recommended to solely depend on in-house markers for applicator reconstruction unless the integrity of the markers has been verified thoroughly; however, such markers can help to center the source channel with an applicator model or in-house developed library plan. Alternatively, a commercial solution would help mitigate issues related to MR-visible markers. Instead, to address challenges related to applicator reconstruction in MRI and therefore, to achieve improvement in dosimetric accuracy, electromagnetic tracking systems were implemented in brachytherapy to increase the accuracy and speed of the applicator reconstruction process \[[@CIT0045], [@CIT0046], [@CIT0047]\]. In general, regardless of the technique that will be used to digitize the source channel, periodic program QA should be in place for applicator imaging and reconstruction methods \[[@CIT0048], [@CIT0049], [@CIT0050], [@CIT0051], [@CIT0052]\].

Target definition {#S0005}
=================

Compared to CT, MRI has higher soft tissue contrast (shown in [Figure 2](#F0002){ref-type="fig"}); however, target delineation on MRI images still faces some uncertainties including uncertainties related to source channel digitization, intra-fraction applicator positioning, and inter- and intra-observer variability in target contouring \[[@CIT0053], [@CIT0054], [@CIT0055]\]. Despite these uncertainties, MRI is the preferred mode of imaging for adaptive, volume-based brachytherapy. GEC-ESTRO has recognized the importance of volumetric imaging, in particular MRI, and 3D treatment planning for cervical cancer and has published a series of recommendations \[[@CIT0017], [@CIT0018], [@CIT0019], [@CIT0020]\] to assist in the standardization of volume and MRI-based treatment planning for cervical cancer. These recommendations include the definition of the target volumes (i.e., low risk-CTV, intermediate risk-CTV and high risk-CTV as defined by GEC-ESTRO Working Group I \[[@CIT0020]\] for definitive treatment of cervix cancer), and discussions and suggestions related to applicator reconstruction as well as appropriate MRI sequences that can be used for treatment planning.

Geometry and dose planning {#S0006}
==========================

Prior to treatment planning, the integrity of data transfer from the MRI scanner to the treatment planning system needs to be verified. It is essential that the image reconstruction software is able to transfer the reconstructed images to the treatment planning system through a secure local network while maintaining the fidelity of images and demographic information. Once the images are imported to the treatment planning system, relevant patient structures need be contoured, and the position of the applicator and potential source positions in the applicator need to be identified. The process of source channel digitization (i.e., applicator reconstruction) has been the subject of many studies \[[@CIT0010], [@CIT0018], [@CIT0034], [@CIT0043], [@CIT0056], [@CIT0057]\]. Once applicator reconstruction has been completed, dose optimization can be performed by modifying dwell times and dwell positions along the length of the applicator(s) in order to achieve the desired dose distribution that provides acceptable target coverage while minimizing dose to the surrounding normal structures. A summary of recommended target \[[@CIT0020]\] and OAR \[[@CIT0020]\] doses from the European Study on MRI-Guided Brachytherapy in Locally Advanced Cervical Cancer (EMBRACE) \[[@CIT0058]\], ABS \[[@CIT0059]\], and Cancer Care Ontario (CCO) \[[@CIT0060]\] are presented in [Table 1](#T0001){ref-type="table"}.

###### 

Summary of target and organ at risk dose recommendations

  Volume           EMBRACE trial                     ABS                 CCO
  ---------------- --------------------------------- ------------------- ------------------
  HR-CTV D~90~     Based on institutional practice   ≥ 80-90 Gy EQD2     ≥ 80-96 Gy EQD2
  IR-CTV D~90~     Based on institutional practice   No recommendation   ≥ 60-75 Gy EQD2
  D~2cc~ rectum    \< 70-75 Gy EQD2                  ≤ 75 Gy EQD2        \< 70-75 Gy EQD2
  D~2cc~ sigmoid   \< 75 Gy EQD2                     ≤ 75 Gy EQD2        \< 75 Gy EQD2
  D~2cc~ bladder   \< 90 Gy EQD2                     ≤ 90 Gy EQD2        \< 90 Gy EQD2

ABS -- American Brachytherapy Society, EMBRACE -- International Study on MRI-Guided Brachytherapy in Locally Advanced Cervical Cancer, CCO -- Cancer Care Ontario, EQD2 -- equivalent total dose in 2 Gy/day fractions, accounting for both the external beam and brachytherapy dose, HR-CTV D~90~ -- minimum dose to 90% of the high-risk clinical target volume, IR-CTV D~90~ -- minimum dose to 90% of the intermediate-risk clinical target volume, D~2cc~ -- minimum dose to maximally irradiated 2 cc of the organ

Personnel and training {#S0007}
======================

To initiate a MRI-guided brachytherapy program, beyond the standard personnel required for a conventional brachytherapy program \[[@CIT0061]\], it is highly recommended that a medical physicist with MRI expertise is involved in the whole process; however, a MRI technologist is also recommended to be added to the brachytherapy team to provide practical input for efficient and safe patient image acquisition. Although, using validated MRI pulse sequences suggested by GEC-ESTRO \[[@CIT0017], [@CIT0018]\] and Nag *et al*. \[[@CIT0016]\] may be sufficient, the MRI physicist can be instrumental \[[@CIT0031]\] in optimizing the pulse sequences for specific applicators and situations as well as to troubleshoot unexpected image artifacts. It is recommended that individuals who lead the program attend workshops related to the implementation of MRI guided brachytherapy, such as those offered by the ESTRO or ABS. It is also required that all brachytherapy staff who may interact with MRI scanners be provided with the proper safety training and at the same time that MRI technicians have a reasonable understanding of the brachytherapy process.

Conclusions {#S0008}
===========

Based on several studies \[[@CIT0002], [@CIT0004], [@CIT0028]\], it has been accepted that the clinical outcome of patients with cervical cancer who receive MRI-guided adaptive brachytherapy, will be improved compared to those who receive point-based dose prescription brachytherapy methods. Therefore, further efforts need to be made to encourage more institutions to implement MRI**-**guided adaptive brachytherapy in their clinics. Proper implementation of MRI**-**guided brachytherapy for cervical cancer relies on a range of new concepts and techniques. This can be performed either by CT**-**guided brachytherapy registered to MRI for target delineation or utilizing MRI for both applicator reconstruction and target delineation. MRI allows for more accurate delineation of the target, which has been shown to improve clinical outcomes \[[@CIT0002], [@CIT0004], [@CIT0028]\]. GEC-ESTRO recommends the use of MR imaging both at the time of diagnosis and brachytherapy with T2w pulse sequences. To implement a high quality image guided brachytherapy program, a multidisciplinary team with appropriate expertise is required as well as an adequate patient load for a sustainable program. Institutions can adopt a similar brachytherapy care**-**path flowchart as shown in [Figure 1](#F0001){ref-type="fig"} and then optimize it based on their resources to minimize their procedure time. However, it is imperative to note that the most important source of uncertainty in the whole treatment process is related to target delineation \[[@CIT0053], [@CIT0054], [@CIT0055], [@CIT0062]\] and therefore, the necessity of training and expertise as well as quality assurance should be emphasized.
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